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Abstract

We at Lawrence Livermore National Laboratory
(LLNL) have developed a new missile guidance law
for intercepting amissile during boost phase. Unlike
other known missile guidance laws being used today,
the new t-Dv guidance law optimally trades an
interceptor’ s onboard fuel capacity against time-to-go
before impact. In particular, this guidance law allows
amissile designer to program the interceptor to
maximally impact a boosting missile before burnout
or burn termination and thus negating its ability to
achieve the maximum kinetic velocity. For an
intercontinental range ballistic missile (ICBM), it can
be shown that for every second of earlier intercept
prior to burnout, the ICBM ground rangeis reduced
by ~350 km. Therefore, intercepting a mere 15
seconds earlier would result in amiss of 5,250 km
from the intended target or approximately a distance
across the continental United States. This paper also
shows how the t-Dv guidance law can incorporate
uncertaintiesin target burnout time, predicted
intercept point (PIP) error, time-to-go error, and other
track estimation errors.

We believe that the t-Dv guidance law is a step
toward the development of anew and smart missile
guidance law that would enhance the probability of
achieving aboost phase intercept

Acronyms

APNAV Augmented Proportional Navigation
ACS Attitude Control System

ADACS Axia/Divert and Attitude Control System
ATKYV Advanced Technology Kill Vehicle
BP Brilliant Pebble

BPI Boost Phase I ntercept

ICBM Inter-Continental Ballistic Missile
IFTU  In-Flight-Target-Update

Isp Propellant specific impulse

KV Kill Vehicle

LOS Line-of-Sight

NFOV Narrow-Field-of-View

Pdf Probability density function

PIP Predicted Intercept Point

PNAV  Proportional Navigation
Tbbo  Time before (target) burnout
Tgo Timetogo

Vhbo Burnout velocity

WFOV Wide-Field-of-View

ZEM Zero-Effort-Miss

I ntroduction

This paper describes a new missile guidance law
designed specifically for aboost phase intercept mission.
It takes maximum advantage of akinetic kill vehicle
(KV) capabl e of thrust-on-demand, axial/lateral divert,
propulsion system such as the Advanced Technology
Kill Vehicle (ATKV) currently under exploratory
development at LLNL. For reasons to be explained later,
this new guidance law is called the optimal t-Dv
guidance law. The key attributes of this guidance law
are: (1) the KV would attempt to intercept a boosting
target as early as possible in its boost phase, and (2) the
KV would also attempt to minimize the total Dv
(propellant) consumption throughout the engagement. In
short, the t-Dv guidance law is designed to maximize the
time before target burnout and minimize the overall
propellant usage.

The key advantage of this new guidance law isto
increase the probability and effectiveness of a
successful boost phase intercept. Thet-Dv guidance
law, when applied to the boost phase intercept mission,
accomplishes this by constantly choosing avehicle
accel eration command to achieve acompromise
between earliest intercept and minimum Dv
expenditure.

Thet-Dv guidanceis significantly different from
the traditionally well known guidance lawsfor
intercepting a maneuvering (or accelerating) target such
as Augmented Proportional Navigation (APNAV) and
Zero-effort-miss (ZEM) [1]. The key difference, of
course, isthat neither APNAV nor ZEM hasexplicitly
taken the need to intercept the target before burnout
into account.

The significance of intercepting early in boost
phase can not be overemphasized. For example,
intercepting a boosting target just a moment before
burnout does very little to alter the throw weight
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velocity and therefore its impact point. On the other

hand, an early intercept (10-15s before burnout) will

significantly shorten the impact point (by 3500-5250
km) from its intended target location.

Statement of the Problem

Assuming the availahility of alightweight, high
mass fraction kill vehicle, such asthe ATKV withits
flexible, thrust-on-demand, axial/divert and ACS
(ADACS) propulsion system, we want to explore the
relative advantages of such asystem andin
particularly how a missile guidance law might take
advantage of this new capability to improve the
overall system performance such as longer standoff
range and greater intercept battle space.

Fig. 1illustrates a possible boost/ascent phase
intercept (BPI) scenario and the potential advantage
of ADACS. Using the Navy Standard Missile as an
example, thekill vehicle is sitting on top of athree
stage booster stack. Each stage uses a solid propellant
engine with the third stage capable of firing two
separate pulses. In Fig. 1 we assumed that each pulse
is preceded by an IFTU for appropriate course
correction. After the 3¢ stage burn, the kill vehicle’s
axial velocity isfixed. For our example, we assumed
aburnout velocity of 4.5 km/s, a burnout time of 80s,
and a burnout altitude of about 100 km. Thekill
vehicle then coasts until target acquisition. A target is
successfully acquired if it appears within the narrow
field of view of the KV seeker which has been
pointing toward the PIP. The endgame, lasting
approximately 5 to 10 seconds, alowsthe KV to
hometo atarget using it’ sdivert engine. Notein the
figure the KV reachability envelope (in altitude
versus ground range) is described by a set of flyout
curves marked by a constant time profile (in minutes)
and at every 2° pitch over angle.

The ICBM target, launched at 1200 km
downrange, is also shown with stage burnout time
marked in minutes in the trajectory profile. We
assumed intercept occurs at the 4 minute mark, just
prior to deployment of the re-entry vehicle and decoys.
Now comparing the the flyout time for the interceptor
(3 minutes) and the target (4 minutes), one can deduce
that the interceptor missile must launch in less than
one minute of delay from the target. The intercept
basket is defined by the blue fan. For a 10 second
divert at 1 km/s of Dv, the maximum span of thefan is
less than 20 km. On the other hand, a KV with an
ADACS such asthe ATKV, the intercept basket is
significantly larger. With alonger range and wider
field of view acquisition sensor, the ATKV can burn
axially to effectively increase the burnout velocity,
resulting in asignificantly larger reachability basket
(red fan). Thusthe ATKV can reach the target before
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burnout at the 2.5 minute mark with about 30s of launch

delay. We assumed that the ATKV can add more than 2

km/s of axial velocity or for an equivalent interceptor
burnout velocity of 6.5 km/s.

KV flyout curve: Vbo = 4.5 kmis

Hotional fiyout
for aflexible
axial/divert K
Intercept hasket

550t Fh
550 4

500 - Traditional KY
fiyout intercept
450+ hasket

Error ellipses
reduce with
additional
measurements

Booster |

ool ll /,—"| bumout |
501 S7%
1 IFTU 51
0 200 400 500 800 1000 1200
Defensive Ground range (km) Offensive missile
location Launch point

Fig. 1 A kill vehicle with flexible axial/divert
propulsion system expandstheintercept battle space.

Increasing VVbo for Intercept Depth

For a successful BPI mission, it isimportant to
intercept prior to target burnout. Infact it is
advantageous to do so, as mentioned previously, since

for every second of cut off before burnout, the target

range reduces by approximately 350 km for an ICBM
class (~10,000kmrange) missile [2]. We are interested
in exploring the accel eration and burnout vel ocity
(Vbo) requirement for intercepting the target at earlier

timesin flight. Using a simple kinematic model and

ignoring the atmospheric drag, Fig. 2 shows potential
intercept points against a hypothetical threat launched
1000 km downrange that has approximately a 200s
burnout time at an altitude of 250 km We assumed an
ideal interceptor missile has a 60s launch delay, a
burnout time of 60s but with variable acceleration
capability. It can be seen that the Vbo increases rapidly

with increasing intercept depth (earlier boost phase).
Theincreasing Vbo isaresult of twofactors: increasing

intercept range and decreasing flight time. Sincea
typical booster provides afixed Vbo, the ADACS as
envisioned by the ATKV design can provide the desired

variable axial Dv capability.

Increasing Dv for Target Maneuvers

One of the well known and effective
countermeasures against a BPI interceptor is target
maneuvering. A maneuvering target degrades the track
estimate resulting in asignificant increase in PIP error.
Thistranslatesinto alarger divert Dv and greater
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acceleration requirements for the KV for a given miss
distance specification.

Since increasing intercept depth (more axial Dv)
and overcoming potential target maneuvers (more
divert Dv) are both competing for greater fuel usage
and that the Dv can not be pre-determined a priori
(i.e.,, we do not know whether and when the target
would maneuver), a proper balance between these
two competing factorsis needed. A KV with an
ADACS s capable of achieving this balance. What is
needed is the development of a guidance law which
optimally determines the proper fuel expenditure
between axial and divert guidance modesin real time
for arobust BPI mission scenario.

Vbo requirement versus intercept range

2408 Rbo= 4.3 ks Interceptor
40op - 60s delay
- 60s burnout
350k \/bo= 4.8 kmis
I Target
%0 \bo= 5.8 kmis burnout
- —| @195
Bl @
3 it ,}Q 180S000= 7.6 ks
2 &
£ 200
Lo

Vbo=10.% kmis
150

59
Gl 120s

60s bumout 60s

0 i L L L . L L " L
] 100 200 300 400 500 800 700 800 800 1000

Defensive Ground range (km) Offensive
Missile location

Fig. 2 Increasing Dv requirement for earlier intercept
time (model neglects aerodynamic dragresultingin a
conservative estimate of the Dv requirements).

Formulation of the t-Dv Guidance Law

To help visualize how aKV can haveflexible
axial and divert capability, Fig. 3 showsthe ATKV
concept vehicle currently under exploratory
engineering development at LLNL. Utilizing a
lightweight pumped propulsion approach [3], the
ATKYV has a mass budget of 30kg, atotal Dv of 2.5
km/s distributabl e flexibly between axial and divert
mode viaaswivel thruster design. Note afixed axial
thruster approach can also be considered. The
optimum choice will depend on in process
performance trades with vehicle mass, size, volume
and mechanical reliability. For the swivel thruster
approach there are three operational modes: 4A,
2A2D, and 4D that denotes4 axial thrusters
operating, 2 axial and 2 divert thrusters operating,

Missile location
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and 4 divert thrusters capable of thrusting respectively.
The ATKV also has an Integrated Multi-spectral NFOV
Seeker and two WFOV sensors for long range plume
acquisition and tracking.

Fig. 4 summarizes the key attributes of the ATKV.
It achieves high Dv (2.5 km/s) and high vehicle
acceleration (10 gs dry) by maximizing propellant
specific impulse, Isp, and mass fraction variables of the
rocket equation. To achieve high acceleration, high
propellant mass flow rate is needed. Traditional
approach using a pressure-fed system requiresthe use
of high pressure heavy fuel tanks. As part of the
Brilliant Pebble Space Based | nterceptor technology
innovation, LLNL developed and patented a
lightweight pump which not only delivers the high
propellant flow rate needed but using low pressure
lightweight tanks. It results in a net tank mass reduction
equivalent to 40% of propellant weight [5]. The
pumped propulsion approach was experimentally
demonstrated inthe 1994 ASTRID flight test. Another
Brilliant Pebble innovation is the devel opment of
lightwei ght passive/active sensor suite which was flown
in the Clementine Moon M apping experiment [6]. As
shownin Fig. 4, ATKV can achieve a mass fraction of
0.6 which is more than double the traditional, pressure-
fed propulsion based KV designs.

ATKYV Guidance, Navigation and Control

The ATKV employs an integrated guidance and
control strategy in which the KV guides the missile
from launch to intercept, utilizing as many (or as few)
IFTUs as available to fuse information collected from
the onboard sensor suite. Using a multi-spectral, multi-
aperture approach, the WFOV sensors allow the ATKV
to operate autonomously with early target acquisition
and KV guidance. The key strategies, as summarized in
Fig. 5, are: early detect and track; guide with flexible
axial and divert DACS, and lock onto the target at al
times with a multi-aperture, multi-spectral seeker.

Axial/Divert

Star-Tracker

Integrated
Multi-spectral
Seeker

Low Pressure
Propellant Tanks

Widé'Field of Yiew Sensors

Fig. 3 LLNL'sATKYV concept vehicle.
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Lightweight Clementine Sensors

Key ATKY Technologies:

« High Av ( high mass fraction with lightweight components)

= High acceleration (axial/divert LDACS with swivel thrusters)

= Advanced senser suite with WFOY and NFOV
passive/active multi-spectral optics

+ Non+oxic high specific impulse LDACS
5
Isp=260s "
45 Isp=285s | |Av =/, gln{i)
lsp=310s f—mf
4
35 LLNL Bi-Prop
LDACS design
@3 trade space
£
>25 | Minimum Avto “
2 support a BPI 5 e
‘g 2 mission Rapid Turnaround High Fidelity
4 Ground Flight Testing Approach
15 hel Current LLNL I = -
design goal: s
' E Mass fraction =08
Av=25km/s
L Other KV
05/
5 Technologies | |M2X8>20 (wet

(1}
0 02 04 06 08 ¥
KV mass fraction

Fig. 4 LLNL'sSATKYV isahigh mass fraction vehicle
utilizing pumped propulsion, lightweight sensors,
advanced packaging, and non-toxic propellant for
rapid ground testing.

Now suppose the KV is heading toward a PIP
corresponding to the target burnout location (as
shown in Fig. 5and we are interested in switching the
PIP to earlier times, say at points A, B, or C. Point A
may be too close to booster burnout and therefore has
minimal impact on target burnout velocity. Point C
has maximum intercept depth but may be in danger
of running out of fuel. Then there exists a desirable
point B, located between points A and C, which
simultaneously minimizesthe Dv consumption and
maximizes the time before booster burnout (tbbo).

Since the proposed guidance approach optimizes
over both time and Dv space, we have accordingly
named it the t-Dv guidance law.

- Guidance Strategy 2

— Acquire and lock on 2 boosting [ Rl

target with WFOV sensor(s) i ﬁ"’E I:mzags":"’;ukg
~ Transition to integrated Seekerlock | | o ifnt

- Multi-color LWIR and Imaging _wet=5g @240s
LADAR ranger 3 e

- Fuse FmTUs wiﬂs_ onbotagnd gla;ato i é

compute an optimum tgo 1 ‘ g
- Maximize time before BP burnout £ ! /\ﬂ i ]

and minimize Avto intercept (note: ¢ ! '\ |

PNAV or ZEM do not guarantée = | | ATKVinitiate = Tio ‘
intarcept before BP burnout) Sl |onscams | _\c.

Weighted Cost of Av and Thbo

+ Navigation Strategy 7 === Target
— Update IMU drift with StarTracker 150) = — 3
— Fuse IFTUs with enboard 1435 901054201355 155,
measurements to produce a more 109 v 1005
accurate target track 10s \
- Control Strategy - 9__[Rooster bumout] |
— Maintain lock on target from initial
acquisition through intercept ] m X0 50 0 we 1
- Fire axialidivert thrusters to fiy on a Renge ol
minimum Ay and maximum time Dynamic PIP selection:

hefore BP burnout Ty, trajectory (#) Too close to bumaot, minimum alteration of target velocity
(B} Comprarmise between ming i) and max(T o)

(G} Desirable if ATKV has a sufficient Av margin

Fig. 5 Basic t-Dv guidance and control strategy is
designed to maximize the probability of inter cept
before target boost phase burnout
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Derivation of the t-Dv Guidance L aw

Defining tbbo as time before target burnout
(assuming we have perfect knowledge of it for now) to
adesired PIP, and Dv is the corresponding fuel usage to
reach it, then one can form aweighted cost function as
shown in Eq. (1) and seek its minimum Thefirst term
isminimized at zero effort and the second term is
minimi zed with increasing intercept depth as shown in
Fig. 6. The choice of the weighted coefficientsaffects
the optimal solution.

J (aaxial, adivert) =a sz +t2£ (1)

bbo

10'

Composite weighted
Thho and Av cost

/—'

A cost

=001 6=2
choices Thbocost
—_— ]
10" M L L M i
0 10 20 30 40 50 60

Time before burnout (sec)

Fig. 5 Deterministic mathematical formulation of t-Dv
guidance law showing optimal tyy,, choicesfor different
set of coefficients.

Let Dv bethe optimal solution, and | et tgo be the time-
to-go computed using Eq. (5), the acceleration vector
command to the interceptor isthen given by:

ZEM
a= '[2
go
where ZEM, the zero effort miss vector, is related to Dv
in Eq. (1) as:

@)

|ZEM|
[)\/:t—

go

©)

6DoF Simulation of a Sea-based BPI
Mission using the t-Dv Guidance L aw

In order to demonstrate the applicability of the t-Dv
guidance law, we conducted 6DoF BPI simulation
studies. Example of a successful intercept scenariois
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showninFig. 7. Thetarget isan ICBM class missile
launched at 950km down range with aburnout time
of 195s and a burnout altitude of 270 km. An ATKV
was launched 45s |ater. The booster burned out at 48
km with a burnout velocity of 5 km/s. The KV
unshrouded at 80 km altitude or at 70s of flight. The
KV aligned itsthrustersin 4A mode towards the PIP
within 2s, burned for 6s, and produced approximately
1.2 km/s of additional Dv since aerodynamic drag is
negligible. The KV then acquired the target within 2s
and rolled tothe divert plane, autonomously thrusting
in 2A2D mode using t-Dv guidance for 10s. Finally
the KV homed onto the boosting target in 4D mode
using 50s of ZEM guidance. Intercept occurred in
140s flight time or 10s before target burnout.

300 : .
ATKV

Tho=195 e
Dl * o / axial burn
= Intercent @ tobo = 10s, /9" | @thho=18s
M Time offlight="140s

Q@

W fﬁ%/ Target
e s r
E _ ATKV . {(\3\\{0@‘(@& tl'ajectCI"!F
8 ;m o g s
3 8 @N & ’c
B o
5 Q:';\.g?\:ﬁsx\ bl 219 stage

-@@° 3 AgUires Burhaut
T ¥ead /s The target @ 1505

|
sF @80k, 705 o

1*tatage

/ Booster butnaut Burnout / \
(@ 48km, vbo=5 kmis @ als

ol
Ky k)
Ground Range to Target (km)
Fig. 7 Example of 6 DoF simulation of inter cept time
history and ATKV flyout engagement strategy.
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Fig. 8 In-plane axial and divert actions showing zero
effort miss distance being driven to near zero.
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Fig. 8 shows the out of plane ZEM and acceleration
time history. Note that the axial accelerations, shownin
red, are used to extend the intercept range or
equivallently earlier intercept time. Also note the
simultaneous operation of thrusting in the 2 axial (red)
and 2 divert (blue) mode.

Performance Comparison of ZEM and
t-Dv Guidance

For the same BPI scenario, we compare three
different guidance strategies after KV has been
unshrouded: (1) guide with ZEM only (no axial
thrusting), (2) guide with 6sin 4A mode, 30sin 2A2D
ZEM mode, and 30sin 4D ZEM mode; and (3) 6s of
4A mode, 30sin 2A2D t-Dv mode, follow with 30sin
4D ZEM mode.

Fig. 9 shows the simulation results assuming the
interceptor was launched within 30s of the target launch.
The PIP was chosen to coincide with the target burnout
position. We observed that the ZEM guidance intercepted
the target at 1.5s after target burnout but used only 1.4
km/s of Dv. Sincethe KV hasatotal Dv of 2.5 km/s, 1.1
km/s of Dv are unspent. Thisbrings out one of the
drawbacks of ZEM, it achieves intercept by nulling the
ZEM distance without taking into account the KV fuel
reserve and the desire to intercept before target burnout.
Sinceit intercepts at alater time, the Dv requirement is
lessas shownin Fig. 2.

Next let’s examine case 2. Since the axial Dv is
increased by 1.2 km/s, the ZEM guidance intercepted at
7.5s before target burnout and spent 1.5 km/s. Thus at
intercept the KV still has 1.0 km/sin reserve. We can
draw two conclusions: (1) increasing axial Dv will
increase the intercept depth, and (2) ZEM guidance does
not take into account KV fuel reserve and the depth of
intercept. It just happens in this case that the intercept
occurred before target burnout.

Finally let’s examine case 3, which differs from case
2 only in the 30s 2A2D mode, wheret -Dv guidance was
used. Thet-Dv guidance law continuously adding axial
acceleration to increase the depth of intercept by taking
into account of the reserve Dv available and the earliest
intercept or minimum time-to-go. It intercepted at 13s
before target burnout and spent 2.24 km/s of Dv with a
reserve of just 0.26 km/s at impact.

One can not overestimate the advantages for an
earlier intercept. Not only it can reduce the impact range
at arate of about 350 km per each second of intercept
before burnout, it also makes the intercept problem easier
because the closing velocity is smaller. Note a typical
ICBM target gains 15% of itsfinal burnout velocity in the
last 10 seconds.

To further gain a better understanding of the t-Dv
guidance law, let's compare several well known missile
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guidance laws and examine their design criteria.
Referring to Fig. 10, we see that proportional
navigation (PNAV) achievesintercept by nulling the
line-of-sight (LOS) rate asillustrated in the figure.
Augmented proportional navigation (APNAV), on
the other hand, nulls the combined LOS rate and the
estimated target acceleration across the LOS angle.
ZEM reduces the predicted miss distance to zero at
the estimated tgo. L ambert guidance determines the
velocity that solves the hit equation with tgo as afree
parameter. Finally thet-Dv guidance law optimizes
over time before target burnout and the onboard
reserve Dv, it maximizes the probability of a boost
phase intercept.

300 T t
{1400m's, <1.54)

Launch ~{1500mvs, 7.65)
| DE|3V=3°5 Target burmout
i 1955 » {2240mi's; 13s)
Guide with
200 ZEM Dnh" \\-
z Guide with
£ A5 4% axial
& 150 '\ 305 2 ZEM
g 303 ZEM
= Guideswith
fig 4y avial R21 il
100/ 0= 2 t-ay target
305 ZEM

Unshroud
@ B0 km

50

Booster
Burnout
o @48 km

O 100 200 300 400 500 600 700 BOO 900 1000
Ground Range {km)

Fig. 9 Simulation results showing how t-Dv guidance

law isabletointercept 13 sprior to booster burnout,

while ZEM intercepted later than the burnout.

Guidance Laws Optimizatien Criteria
\ Boosting Target PMAY Drive LOS rates to zem
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acceleration 1o PHAY
\\ ZEM Drive zero-efiort-miss distance
\ector to 7 em
| Lambert Guide to a selocity and flight path
angle that satisfies the hi-eguation
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FIPs far simLitanegusty by minjAyi and
ATKY- Ly max (Thoo)

| Axialidivert
c \ Guides

iy e Target
f { burnout
5 - / 7EM
. H 7 APNAY
ATRY L
® Py

Fig. 10 Comparisons of different guidance laws
and their optimization criteria.
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Dealing with Uncertainty in Tar get
Parameters

Thus far we have assumed perfect knowledge of the
target trajectory and its burnout time to demonstrate the
feasibility of the t-Dv guidance law. In this section we
first show that the t-Dv guidance law can be gracefully
degraded to ZEM guidance when no apriori knowledge
of the target is assumed. Second we will demonstrate
how the guidance law can be reformulated taking into
account of the imprecise knowledge of the target
parameters.

In EqQ. (1), if we choose a = N/zem, b=0, compute
tgo using range divided by closing velocity and use the
relation in Eqg. (3), then Eg. (1) reducesto Eq. (2),
which defines the ZEM guidance law with N as the
guidance gain.

Now for the uncertainty parameter case, let's
assume the target burnout time can be described by a
probability density function (pdf), say Guassian with
prescribed mean and standard deviation. Therefore for a
given tbbo (a deterministic parameter), the location of
the target is simply given by the same pdf but shifted
down by tbbo seconds as shown in Fig. 11. Now
suppose at timet, the interceptor and the target are
located at positions shownin Fig. 11. For agiven tgo,
one can compute the predicted position of both the
interceptor and the target with the appropriate
uncertainty ellipses. The predicted miss distance vector
(or zero effort miss) Pi(tgo)-Pt(tgo) is also random with
known statistics. Therefore we can rewrite Eq. (1) as:

1P (tgo) - P(tgo)|’§
f tgo b Lobo
Where
tgO =t,-t,,- 1 (5)

— T 2
t =Gauss(t,,s ;,)
and we seek the optimal solution that derives from

a,., =min( Dv) max(t,,.){ E[3(a)]} (6)

where the operator E[ ] represents the expected value.
We are seeking a solution for the accel eration command
that yields the minimum value of Dv usage for a
maximum tbbo or intercept depth.

Since the cost function involves the square of the
ratio of two random variables, the resulting probability
density function can be shown to be related to the
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Cauchy distribution [4]. Once the pdf of J(a) isfound,
one can proceed to carry out the minimization as
shown in Eq. (6). The resulting pdf is quite complex.
A much simpler and useful approximation can be
found asfollows:

Temporal

uncerainty ?

\_r,_,r:’;i
AA
é“ﬁt:l

tbo

Target state
uncertainty

Altitude (km)

Los SR ’ tt%;urrent
Target

track \

Down Range (km}

time=t

BFI
Interceptar

Fig. 11 Probabilistic formulation of the t-Dv
guidance law.

Let random variables X and Y represent the predicted
miss distance and tgo respectively, we canthen
rewrite Eg. (4) as:

2
b
J(a) =a Q—— +— 3
Yg t
(7
89(0 8&+x0 b
-2 gv Tty 12
) yﬂ bbo
@ DV (1+x)2[1- 2y +3y? - ) tb
bbo

where X ,Y_ are the means and x,y are the

corresponding zero mean random variables. Note that
both x and y are very much less than 1 since
uncertainty in the miss or tgo is significantly less than
the mean prior to intercept. Assuming the random
variables are statistically independent, we can take
the expectation of Eq. (7) and obtain the desired

result in Eg. (8).
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increases for increasing intercept depth or greater tbbo,
the increased weight causes the minimum to shift to the
left or to intercept at alater time. Thisisintuitively
correct since uncertainty in target parameters and the
PIP error should favor a strategy to intercept at alater
timein order to conserve Dv.

The validity of thisobservationisborneout in Fig.
12. For agiven value of a and b, the deterministic
solution yields a minimum at tbbo=16s. Now adding
the uncertainty in tho, or time of burnout, with a
standard deviation of 40s, the analytical solution and
the ensembl e average from 50 Monte-Carlo simulation
runs yields the same optimal tbbo value. Using Eq. (8)
instead of (4) significantly reduces the computational
load for the implementation of the t-Dv guidance law.

: Ensemble Average
i T Analytic Solution
' Deterministic Case

D= 40 (sET)

t*pe = 12 (5BC)

Cost function J

\\

thpo =12 (sEC) 'y, =16 (seC)

o B 10 15 20 25 30 35 40
L, (sech

Fig. 12 Minimum of analytical solution matches

almost exactly with the Monte-Carlo ensemble average

calculation.

In deriving the stochastic t-Dv guidance law, we only
assume a probabilistic model of the target burnout time.
Without loss of generality, the target burnout time
could be replaced by the desired target intercept time.
For example, one could specify that the desired target
intercept time is say 100s after missile launch with a
standard deviation of 20s. Thus the t-Dv guidance law
does not require apriori knowledge of target burnout
time or the trgjectory for its implementation.

Finally we investigated the feasibility of applying

E[J(a)] _ sf +3S§ 33355 5SSy, 9 2+£ () the t-Dv guidance law from mterceptor missile launch
V2 x2ve B 2, instead of just guiding the KV after 3¢ stage burnout.

Fig. 12 shows the results from a 6DoF simulation run
incorporating target uncertainty and track estimation

Comparing Eq. (8) to (4), we see that uncertainty in error. Earlier guidance resulted in an additional gainin

the predicted miss distance and tgo resultsin an intercept time at only amodest increasein Dv

effective increased weight on the Dv term. Since Dv expenditure.
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Fig. 12 Extending thet-Dv guidance all the way to
inter ceptor missile launch gainsadditional inter ceptor

depth with little additional cost in Dv.

Summary, Conclusions, and
Recommendations

We have derived and examined in detail a new
missile guidance law called t-Dv that minimizesthe
total fuel usage (total Dv) against the desire to
achieve earlier intercept timefor the boost phase
intercept mission. We demonstrated that the t-Dv
guidance law can be degraded gracefully into the
conventional ZEM guidance when no a priori
knowledge of the target is assumed. However when
statistics of the PIP (predicted Intercept point) and
other target parameters are utilized, we demonstrated
via 6 DoF simulations that thet-Dv guidance law can
optimally trade earlier intercept time for minimum Dv
consumption. With flexible axial and divert thrusting,
the t-Dv guidance law can optimally distribute the
propellant usage between achieving maximum
intercept depth and overconing target maneuvers.

We have also developed an analytical solution to
the complex minimization of a stochastic cost
function, asrequired for the derivation of the
guidance law, resulting in a significant reduction in
the computational requirements.

To make maximum utilization of the t-Dv
guidance law, the kill vehicle must have aflexible
axial/divert (ADACS) burn capability such asthe
ATKYV currently being explored at LLNL.

Finally we found that it is advantageous to apply
the t-Dv guidance law as soon as possible and
preferably at as early asinterceptor missile launch.

We have not yet finalized the strategy to select
the coefficientsa and b in the weighted cost function
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as shownin Eq. (1). A reasonable choicefor a isto
make it inversely proportional to the square of the Dv
available. Thus with a large Dv reserve or equivalently
mass fraction, the KV will more likely to spend
additional Dv to chase down the threat and vice versa
On the other hand, a reasonable choicefor b isto make
it proportional to the square of tgo. With alargetgo, the
KV ismorelikely to select alarger thbo or seek an
earlier intercept.
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